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Using the fully-relativistic screened Korringa-Kohn-Rostoker method I study the orbital mag-
netism in the half-metallic Heusler alloys. Orbital moments are almost completely quenched and
they are negligible with respect to the spin moments. The change in the atomic-resolved orbital mo-
ments can be easily explained in terms of the spin-orbit strength and hybridization effects. Finally I
discuss the orbital and spin moments derived from X-ray magnetic circular dichroism experiments.
PACS numbers: 71.20.Be, 71.20.Lp, 75.50.Cc
Introduction. Half-metallic ferromagnets consist a new
class of materials which attracted a lot of attention due
to their possible applications in spintronics.1 In these ma-
terials the two spin bands have a completely different be-
havior. While the majority spin band (referred also as
spin-up band) shows the typical metallic behavior, the
minority spin band (spin-down band) is semiconducting.
The spinpolarization at the Fermi level is 100% and these
compounds could maximize the efficiency of the magne-
toelectronic devices.2
de Groot and collaborators were the first to predict
the existence of half-metallicity. They calculated the
electronic structure of the Heusler alloy NiMnSb and
showed that the Fermi level in the minority band falls
within a gap while the majority band was metallic.3
Since then a lot of materials have been predicted to be
half-metals: other half-Heusler alloys (e.g PtMnSb),4,5 a
large number of the full-Heusler alloys (e.g Co2MnGe),
6,7
the quaternary Heusler alloys,8,9 some oxides (e.g CrO2
and Fe3O4),
10 the manganites (e.g La0.7Sr0.3MnO3),
10
the double perovskites (e.g. Sr2FeReO6),
11 the pyrites
(e.g CoS2),
12 the transition metal chalcogenides (e.g
CrAs) and pnictides (e.g CrSe) in the zinc-blende or
wurtzite structures,13,14,15 the europium chalcogenides
(e.g EuS)16 and the diluted magnetic semiconductors (e.g
Mn impurities in Si or GaAs).17,18 Heusler alloys are par-
ticularly interesting among these materials due to their
very high Curie temperature, which can attend 1000 K
in the case of Co2MnSn, and the similarity between their
crystal structure and the zinc-blende structure adopted
by the III-VI and IV-V binary semiconductors like GaAs
or ZnS.19
Several papers have been devoted to the calculation of
the electronic structure of the half-metallic Heusler al-
loys. All these studies produced a similar description of
their magnetic properties.7,20,21 In 2002 Galanakis et al.
have shown that the appearance of the gaps in these al-
loys is directly connected to the magnetic spin moments
and moreover that the total spin magnetic moment Mt
scales linearly with the total number of valence electrons
Zt following the low Mt = Zt − 18 for the half-Heusler
alloys like NiMnSb and Mt = Zt− 24 for the full Heusler
alloys like Co2MnGe.
4,6 The orbital magnetic moments
of these alloys on the other hand have attracted much
less attention and results are scarce. Also experimen-
tally only in few cases the orbital magnetic moments
have been determined via the X-ray magnetic circular
dichroic (XMCD) spectra of thin films.22,23 In this con-
tribution I will present a study of the atomic-resolved
orbital magnetic moments of several Heusler alloys using
first-principles calculations.
Calculations Details. To calculate the orbital and spin
magnetic moments I used the fully relativistic (FR) ver-
sion of the Korringa-Kohn-Rostoker (KKR) multiple-
scattering Green function method where the Dirac
equation for the cell-centered potentials in the atomic
spheres (ASA) is solved.24 The Vosko, Wilk and Nusair
parameterization25 of the local density approximation
(LDA) is used for the exchange and correlation potential.
This method has been already employed to calculate the
effect of the spin-orbit coupling on the minority band gap
in the case of half-metallic ferromagnets.26 In the case of
NiMnSb and similar half-Heusler alloys it was shown that
the spin-orbit induces states within the gap but the effect
is very weak and the alloys show a region of very high
spinpolarization (∼99%) instead of a gap; defects have a
much more pronounced effect on the destruction of the
gap.27
If I compare the results obtained in this contribution
by using the FR-KKR-ASA with the results obtained in
Refs. 4 and 6 using the full-potential (FP) KKR method
where the scalar-relativistic approximation is employed
(the spin-orbit coupling is not taken into account), both
versions of the KKR method reproduce a similar descrip-
tion of the spin magnetic moments; the differences are re-
stricted to small deviations in the absolute values of the
spin magnetic moments. Both C1b and L21 structures of
the half- and full-Heusler alloys, respectively, are close-
packed structures and ASA is expected to give a good de-
scription of their electronic structure with respect to FP.
Moreover spin-orbit is a weak effect and only marginally
changes the spin moments. I should also note that LDA
is known to underestimate the orbital moments by as
much as 50% but reproduces the correct trends.28,29
Half-Heusler alloys containing Mn-Sb. The first family
I will study is the MnSb-based half-Heusler alloys and
in Table I I have gathered their magnetic moments. To
this family belong the Fe-,Co-,Ni- and PtMnSb which
are half-metallic (HM). RhMnSb and IrMnSb are iso-
electronic to CoMnSb but the Fermi level falls within
2TABLE I: Spin (mspin) and orbital (morbit) magnetic moments in µB for the XMnSb half-Heusler compounds. The last three
columns are the total spin and orbital magnetic moment and their sum, respectively
MnSb-based half-Heusler alloys
m
X
spin m
X
orbit m
Mn
spin m
Mn
orbit m
Sb
spin m
Sb
orbit m
total
spin m
total
orbit m
total
FeMnSb -0.973 -0.060 2.943 0.034 -0.040 -0.002 1.958 -0.028 1.930
CoMnSb -0.159 -0.041 3.201 0.032 -0.101 -0.001 2.959 -0.010 2.949
NiMnSb 0.245 0.015 3.720 0.027 -0.071 -0.001 3.951 0.040 3.991
CuMnSb 0.132 0.006 4.106 0.032 0.028 -0.006 4.335 0.032 4.367
RhMnSb -0.136 -0.033 3.627 0.035 -0.141 -0 3.360 0.001 3.361
PdMnSb 0.067 0.007 4.036 0.028 -0.117 -0 4.027 0.035 4.062
AgMnSb 0.106 0.006 4.334 0.031 0.040 -0.007 4.556 0.029 4.585
IrMnSb -0.201 -0.094 3.431 0.092 -0.109 -0.001 3.130 -0.004 3.126
PtMnSb 0.066 0.006 3.911 0.057 -0.086 0 3.934 0.063 3.997
AuMnSb 0.134 0.021 4.335 0.027 0.056 -0.006 4.606 0.044 4.650
the minority valence band and the HM is lost (the total
spin moments are slightly above the ideal value of 3 µB).
The Cu-, Ag- and AuMnSb have 23 valence electrons and
if they were HM they should have a total spin moment of
5 µB, but as it was shown in Ref. 4 this value is practi-
cally impossible to get; it is energetically more favorable
to loose the HM. As a result also the spin moments of
the Sb atoms are now parallel to the spin moments of the
Mn atoms contrary to the other compounds.
The orbital moments are small with respect to the spin
moments and only in the case of IrMnSb the mIrorbit ap-
proaches the 0.1 µB. In the case of the Sb atoms, the sp-
bands lay low in energy and are almost completely filled
for both spin directions.4 There is a only a very small
majority spin p-weight around the Fermi level due to the
antibonding p-d hybrids. As a result the antimonium
orbital moment is practically zero for all compounds.
Mn atoms posses a large spin-magnetic moment in all
Heusler alloys. The Mn spin-up states are practically
completely occupied while Mn admixture in the occu-
pied minority d states is limited; it is mainly the X atom
which dominates the minority bonding d states.4 Mn or-
bital moment is less than 0.1µB is in all cases and remains
parallel to the spin moment following the 3rd Hund rule.
The latter rule, although derived for atoms, stands also
for solids with few exceptions.30 It states that if the d
band is more than half-filled (Mn has 7 d-electrons) then
the spin and orbital moments should be parallel. In-
creasing the valence of the X atom by one electron either
following the 3d series (Fe→Co→Ni→Cu) or the 4d series
(Rh→Pd→Ag) only scarcely changes the Mn orbital mo-
ment while there are significant variations in the value of
the Mn spin moment. If now the X-atom changes along
the 5d-elements series (Ir→Pt→Au), the increase of the
Mn spin moment by ∼ 0.5µB at every step is accompa-
nied by a large decrease of the Mn orbital moment which
is practically halved. The increase of the spin moment
is expected since the hybridization between Mn and a d
atom decreases as the valence of the d atom increases
leading to a more atomiclike electronic structure around
the Mn site. The large effect on the Mn orbital moment
in the case of the 5d atoms has been already discussed
in Ref. 30, where using perturbation theory it was shown
that the large spin-orbit coupling of the 5d elements has
a large effect on the orbital moment of the 3d neighboring
atoms in the case of alloys.
Finally for the X atom the orbital moment follows the
Hund’s rules and is always parallel to the spin magnetic
moment. Note that the Fe, Co, Rh and Ir spin moments
are antiparallel with respect to the Mn atom. The orbital
moment follows the changes of the spin moment and it
increases as the number of valence electrons increase. As
I substitute Co for Fe the orbital moment increases from
-0.06 µB to -0.04 µB and then to 0.015 µB for Ni in
NiMnSb. The absolute value of the orbital moment de-
pends strongly also on the spin-orbit coupling. This is
clearly seen if I compare Ir with Co. Both atoms have
similar spin moments; -0.16 µB for Co and -0.20 µB for
Ir. On the other hand cobalt’s orbital moment is -0.04 µB
while the Ir orbital moment is double as much (-0.09µB).
Also hybridization plays an important role on the value
of the orbital moment, e.g in FePt Fe has a spin moment
of 2.9 µB instead of -1.0 µB in FeMnSb but the Fe orbital
moment is similar in both cases; its absolute value is 0.07
µB for FePt and 0.06 µB for FeMnSb.
31
Orbital moments from first-principle calculations ex-
ist for the Ni-, Pd- and PtMnSb compounds obtained
using the full-potential linear muffin-tin orbitals method
(FPLMTO).32 While results for NiMnSb are similar to
the present calculations this is not the case for the Pd
and Pt atoms in PdMnSb and PtMnSb compounds.
FPLMTO predicts that their orbital moment is antipar-
allel to the spin moment contrary to the present calcu-
lations. This difference can arise from the treatment of
the spin-orbit coupling. Whilst in the present calcula-
tions the Dirac equations are solved, in the case of the
FPLMTO study the spin-orbit coupling is treated as a
perturbation and since orbital moments are very small
this can lead to such small deviations.
Finally it was shown in Ref. 33 that the orbital moment
is proportional to the difference between the number of
states of majority and minority spin at the Fermi level:
morbit ∝ n
↑(EF)−n
↓(EF). In the case of the half-metallic
systems n↓(EF)=0 and thus the total orbital moment
3TABLE II: Spin (mspin) and orbital (morbit) magnetic moments in µB for the X2YZ full-Heusler compounds. The last three
colums are the total spin and orbital magnetic moments and their sum, respectively
Half-ferromagnetic full-Heusler alloys
m
X
spin m
X
orbit m
Y
spin m
Y
orbit m
Z
spin m
Z
orbit m
total
spin m
total
orbit m
total
Co2MnAl 0.745 0.012 2.599 0.013 -0.091 -0 3.998 0.038 4.036
Co2MnSi 0.994 0.029 3.022 0.017 -0.078 0.001 4.932 0.076 5.008
Co2MnGe 0.950 0.030 3.095 0.020 -0.065 0.001 4.931 0.081 5.012
Co2MnSn 0.905 0.038 3.257 0.025 -0.079 0 4.988 0.101 5.089
Co2CrAl 0.702 0.012 1.644 0.008 -0.082 0 2.966 0.033 2.999
Co2FeAl 1.094 0.045 2.753 0.060 -0.095 -0 4.847 0.149 4.996
Fe2MnAl -0.311 -0.015 2.633 0.014 -0.016 0.001 1.994 -0.014 1.980
Mn2VAl -1.398 -0.034 0.785 -0.009 0.013 0.005 -1.998 -0.073 -2.071
Rh2MnAl 0.304 -0.011 3.431 0.034 -0.037 -0.001 4.002 0.011 4.013
should be parallel to the total spin moment. This is not
the case always as can be seen in Table I. In Ref. 33 it
was assumed that the t2g and eg states are degenerate
and the local DOS of all atoms is a Lorentzian; thus the
applicability of this relation is restricted.
Half-metallic full-Heusler alloys. In the second part of
my study I will concentrate on the half-metallic full-
Heusler alloys and in Table II I have gathered my re-
sults. The orbital moments are quite small like the half-
Heuslers. In all cases with the exception of Rh atom in
Rh2MnAl the Hunds rules are obeyed; note that for V
in Mn2VAl the spin and orbital moments are antiparallel
since V d valence shell is less than half-filled. The orbital
moments of the sp atoms (Z sites) are almost zero for all
cases as in the half-Heuslers
The Co2Mn-Z type compounds are the most inter-
esting since they present the highest Curie temperature
among the known half-metals.19 The comparison between
the Al and Si compounds, which have one valence elec-
trons difference, reveals large changes in their magnetic
properties. The Co spin moment increases by nearly 0.25
µB and the Co orbital moment follows this change since
it is more than double for the Si compound. The increase
in the Mn spin moments is proportionally smaller and so
do the orbital moments. Substituting now Ge or Sn for
Si, which are isovalent systems, has only a weak effect
on the spin moments. Co spin moment slightly decreases
while the Mn spin moment slightly increases. For both
atoms the orbital moments show a small increase with
the atomic number.
The next step is to substitute Cr for Mn in Co2MnAl.
Co spin moment is not affected by this substitution and
so does its orbital moment. Thus the Co orbital mo-
ment is mostly induced by the spin-orbit coupling at the
Co moment and is insensitive to hybridization with the
neighboring sites. Cr moments on the other hand have
to account for the missing electron and are considerably
smaller than the Mn ones. Substituting Fe for Mn in
Co2MnAl has a more pronounced effect. Co spin moment
increases by 0.35µB while its orbital moment is more than
tripled. Its also interesting to compare Co2FeAl to the
isoelectronic Co2MnSi. Co spin moment in the case of
Co2FeAl is slightly larger while the Co orbital moment
is increased by ∼50%.
Comparing Co2MnAl with Fe2MnAl reveals only small
changes at the Mn site and the decrease in the total num-
ber for valence electrons is taken care by Fe atoms. Sub-
stituting now Rh for Co in the same compound leads
to an increase of both the spin and orbital moments
of Mn since the hybridization between Mn and Rh d
states is considerably smaller than between the Mn and
Co d states. Finally I also calculated the properties of
Mn2VAl. The increased hybridization between the Mn
and its neighboring Mn and V atoms leads to a large or-
bital moment at the Mn site although its spin moment is
halved with respect to the cases above where Mn occu-
pied the Y site.
To my knowledge calculations of the orbital moment
exist only by Picozzi et al.21 for the Co2Mn-Si, -Ge and
-Sn compounds. The orbital moment at the Co site was
found to be around 0.02µB and at the Mn site around
0.008µB. These moments are slightly smaller than my
values. The differences can arise from the treatment of
the spin-orbit coupling as perturbation in their calcula-
tions.
Experiments. Few experiments dedicated to the orbital
magnetism exist on these compounds. These experiments
involve the obtaining of the XMCD spectra of thin films.
XMCD is the difference between the absorption spec-
tra for left- and right-circular polarized light involving
2p core states excitations towards unoccupied d states.
Elmers and collaborators23 derived orbital moments of
0.12 µB for Co, 0.04 µB for Cr and 0.33 µB for Fe in the
case of a Co2Cr0.6Fe0.4Al thin film. If I compare these
values with my calculations for the Co2CrAl and Co2FeAl
compounds they are one order of magnitude larger. LDA
usually gives orbital moments only halved with respect
to experiments.29 Also the XMCD derived spin moments
are half of the theoretical predicted values. On the other
hand Kimura et et al.22 studied the NiMnSb and PtMnSb
films and found that mtotalorbit/m
total
spin < 0.05 while in my
calculations this ratio is around 0.01. The spin moments
derived by Kimura et al. experiments are also compa-
rable to the theoretical results. Thus the deviation be-
4tween the present theoretical results and the experiments
in Ref. 22 is considerably smaller than when compared
to the ones in Ref. 23.
In both sets of experiments the orbital and spin mo-
ments are derived by applying the sum rules to the
XMCD spectra. The sum rules have been derived using
an ionic model34 and their application to itinerant sys-
tems, in particular to low symmetry systems, is strongly
debated35 since XMCD probes mainly the region near the
surface of a film. Thus their application to experimental
spectra is not straightforward. Elmer’s and collabora-
tors sum-rule derived total spin moment is halved not
only with respect to the theoretical results but most im-
portantly also with respect to the value derived from the
SQUID measurements. This inconsistency even between
XMCD and SQUID measurements on the same sample
shows that the application of sum rules to derive the mo-
ments in the case of XMCD experiments on films is not
really adequate.
Summary. I have studied the orbital magnetism in the
half-metallic Half- and Full-Heusler alloys using the Dirac
formalism within the framework of the Korringa-Kohn-
Rostoker Green’s function method. The quenching of
the orbital moments is pretty complete and their values
are very small with respect to the spin moments. The
change in the atomic-resolved orbital moments can be
easily explained in terms of the spin-orbit strength and
hybridization effects. Moments derived by applying the
sum rules to the experimental X-ray dichroic spectra of
thin films should be treated with caution.
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